Miniaturized free-field based optical microspectrometers have huge potential for application in industry, science, medicine, agriculture and biology. State-of-the-art is the micro-assembly of micromachined optical components on a mini-bench and the trend is towards fully integrated optical microsystems. Complete silicon IC compatible MEMS-based opto-electrical microsystems on a single chip may offer huge cost benefits in these potentially high-volume applications. On-chip integration does, however, impose limitations. The required process compatibility and limited choice of acceptable materials does not necessarily give optimum optical performance. Also, the dimensional downscaling is not generally an optical advantage. This overview discusses grating-based and interferometer-based mini-and microspectrometers, shows performances already reported, the trends, the potential, the limitations and approaches to obtain a sufficient optical performance, in terms of spectral resolution and throughput, for serving the majority of applications.
Introduction
Optical spectrometers are widely used for the highly sensitive and highly selective measurement of the composition of a gas or a fluid. The IR absorption spectrum is used to determine the composition of a gas [1] and in chemical chromatography for analysing the composition of a sample fluid [2] . The fluorescence spectrum is also used in chemistry to identify the composition and concentrations of dissolved ions [3, 4] . Fluorescence signals are also investigated for monitoring of photosynthesis in plants [5] . Miniaturized systems have been realized for monitoring the ozone in the earth atmosphere from a satellite [6] .
Instruments conventionally used are typically bulky laboratory equipment with a performance that often exceeds by far what is required in industrial applications, where issues such as costs, sample volume and measurement time prevail. Miniaturized systems have been realized that are better suited for these applications; however, these still rely on micro-assembly and conventional fabrication technologies [7] . Optical microelectromechanical systems (MEMS) have been realized that satisfy these additional requirements better. These are small, lightweight and some are fabricated using silicon IC process compatible technologies, thus featuring the possibility for realizing an intelligent opto-electronic system by on-chip co-integration of optics and microelectronics [8] . However, the dimensional downscaling is poorly compatible with high-quality optics. Moreover, the in-system integration of components for optical signal conditioning (lenses or mirrors for collimation and focusing of incident and dispersed light respectively) is difficult to achieve, especially in the case of single-chip silicon optical systems with co-integrated optics and integrated circuits. This causes the primary performance parameter, the spectral resolution (R = λ/ λ, where λ denotes the wavelength tuned to and λ the −3 dB power bandwidth), to be limited to R = 100 for minisystems based on the assembly of MEMS components and R = 20 for integrated silicon microsystems [9] . 
Classification of spectrometers with potential for optical MEMS implementation
The essential property of a free-field based optical system is the continuous (i.e. non-layered) propagation medium (usually air). The classification of the various spectrometer types is determined by the dispersion element or approach used and includes microspectrometers based on (a) prisms, (b) gratings and (c) interference of split components. Prism-based spectrometers are not suitable for miniaturization and are not considered here.
Grating-based microspectrometers use the interference of incident light at the grating for dispersion. The typical optical system is shown in figure 1 . Light passes through a narrow entrance slit and is converted into a parallel beam using a collimating lens or mirror. Dispersion occurs at the grating and the dispersed spectrum is projected on the exit slit using a focusing lens or mirror. The spectrum is scanned across the exit slit by rotation of the focusing mirror or the grating. Grating-based microspectrometers have been realized for both the visible and near-infrared part of the spectrum using microfabrication techniques. As will be demonstrated, the performance is limited due to the use of a transmission grating and the omission of optical signal conditioning.
Interference-based microspectrometers involve splitting of the incident light beam into two parts and having these interfere after travelling over two optical paths with a welldefined difference in length. The path length difference relative to the wavelength is an effective approach for selecting a spectral component. Changing the path length difference in time can be used for a complete spectral scan of a well-defined part of the spectrum. There are a number of variations on this general operating principle and figure 2 shows the three most-widely used versions, which also have huge potential for microfabrication.
The Michelson interferometer uses one beam splitter and two mirrors (M1 and M2) to define the two optical paths. The difference in distance between the splitter and the mirrors defines the optical path length difference. Measuring the path length increase between the positions for two maxima or minima of the interference pattern detected at the detector by displacing one of the mirrors in the direction of the optical axis provides the measured wavelength of the incident light. The Mach-Zehnder uses two splitters and provides a better isolation between input and output. Both the Michelson and Mach-Zehnder interferometers are very suitable for integration in a glass fibre or a waveguide, since the splitting and combining of light can be achieved relatively easily by the overlapping of fibres or waveguide channels. Moreover, the path length difference is defined by the difference in length between the fibres or the defined channels in the waveguide.
The beam splitter is more difficult to integrate in a freefield based MEMS microspectrometer and for that reason most systems reported about are based on the Fabry-Perot interferometer. The basic device is composed of two parallel mirrors with the reflecting surfaces facing each other and spaced a well-defined distance apart. Incident light is transmitted into the resonance cavity and is transmitted to the detector after multiple reflections at M1 and M2. Constructive interference takes place only for wavelengths that fit in the resonance cavity.
Magnetic, thermal or electrostatic actuation techniques available to MEMS are used for the displacement of one of the mirrors, as is schematically shown in figure 3 . This figure also introduces a fourth technique used in MEMS-based microspectrometers, the Fourier microspectrometer [10] . It should be noted that the Fourier microspectrometer is basically a modification of the Fabry-Perot type. The following sections give an outline of the various microspectrometers with an increasing degree of miniaturization or integration of optical and microelectronic components and comment on the specific advantages and disadvantages, design constraints and the typical performance. 
Miniaturized spectrometers
The most obvious approach is the microfabrication of the components followed by an assembly. Such microspectrometers have been made available from a Swiss company [11] . The device is shown in figure 4 . The light is coupled to the entrance using a glass fibre. Replication techniques have been used for the fabrication of the grating and a commercially available photodiode array is used for the detector. The optical path is defined by the package. The spectral resolution is limited to R = 80. Micromachined gratings have also been combined with a CCD camera in a hybrid system for operation as a spectrometer [12] . A resolution R = 70 at 633 nm was reported. Liquid crystal technology has also been applied [13] .
The next generation of miniaturized optical spectrometers involves the microfabrication of the optical components and the subsequent assembly on a micro-optical platform. A 14 mm long aluminium-nitride mini-bench with deformable aligner structures in nickel alloys fabricated in the LIGA process and silicon micromachined Fabry-Perot interferometer has been reported for use in the IR spectral range for application in the pharmaceutical industry [14] . Another IR spectrometer within this category is the Michelson interferometer with LIGA fabricated electromagnetic actuator for the displacement of the mirror required for scanning the spectrum [15, 16] . The spectrometer is shown in figure 5 and includes an 11.5 × 9.4 mm 2 electroplated optical mini-bench of an electroplated soft NiFe alloy. The same material is used for the electromagnetic actuator, which enables a displacement of the mirror over 110 µm. A passively aligned silica ball lens is used for collimation and a InGaAs PIN photodiode for monitoring the fringe pattern. The detector limits the use to the near infrared and a resolution R better than 60 at 1540 nm was reported.
Although silicon micromachining techniques are employed for the fabrication of optical components, these are combined in a system using micro-assembly. These microspectrometers are not directly silicon process compatible. High-volume applications are to be found in the areas of consumer products and quality inspection, which typically benefit from the extremely low cost in high-volume fabrication that silicon IC technology can offer. As a consequence, many research efforts have been reported in the literature on IC fabrication compatible integrated devices.
MEMS-based microspectrometers in silicon

Grating type of microspectrometers
Silicon bulk micromachining techniques have been employed for the fabrication of an integrated grating plus detector array in silicon for operation as a microspectrometer in the visible and infrared spectral range. The device intended for S147 Figure 6 . Schematic of a micromachined grating-based microspectrometer in silicon for operation in the visible part of the spectrum [17] .
use in the visible spectral range is composed of two silicon p-type wafers with an n-epilayer on which electrochemically controlled etching (ECE) is applied to construct channels that form, after wafer bonding, an optical path between a grating and an array of photodiodes, as shown in figure 6 [17] . An electrically isolated region of epilayer is formed by deep boron diffusions to define the locations of the grating and backside-illuminated photodiodes. A 32-element 4 µm pitch symmetrical (2 µm line/2 µm space) transmission grating is used and 2 µm wide photodiodes with 4 µm pitch are formed by implantation into the epilayer. The aluminium, that is conventionally exclusively used for interconnect, is also used for fabrication of the grating and for shielding the array of photodiodes to prevent front-side illumination by the incident light. The light that is dispersed in the grating is projected onto a bevel that results from bulk micromachining on a 1 0 0 wafer. After reflection on the epilayer of the lower wafer and a second bevel, the light is projected on the array of photodiodes.
The major problem in this device is the roughness of the bulk micromachined surfaces, which results in scattering of the reflected light. As the dispersed light is reflected three times before being projected on the photodiode array, a surface roughness comparable to that of the polished front side of a wafer is required. This problem was solved by avoiding the high-temperature steps that are used for epilayer growth and the deep boron diffusion, and by applying a BPSG reflow step [18] . The functional separation of the device into an active wafer with photodiodes and circuits and a passive reflection wafer, with low-temperature wafer bonding at the very last processing step circumvents any fabrication compatibility infringement and is a huge advantage of this two-wafer solution [19] .
The grating should be designed for a gap half the pitch for maximum suppression of the second-order spectrum in order to maximize the free spectral range when using a detector array aligned with the first-order diffraction spectrum. Simply using an interconnect mask with a pattern of strips of half the pitch between lines in a standard process is not enough to achieve this. The standard etching procedure has been optimized for electrical constraints (avoiding short circuits) and includes an aluminium overetch. This indicates that even this highly compatible process step needs to be analysed critically. A slightly modified IC compatible metal etch yields an adequate suppression of the second-order spectrum while maintaining interconnect integrity. Microspectrometers have been developed for operation in various wavelength ranges in the IR spectral range. Bulk silicon and aluminium are used for the optical path and the multiple-slit grating, respectively. Silicon is highly transparent for wavelengths, exceeding 1 µm, beyond which free-carrier absorption can be disregarded. Therefore, the bulk silicon can be used to define the optical path rather than air, thus, overcoming the need to etch the light path. Also, in the IR spectral range, aluminium can be used for the fabrication of the grating. The IR spectrometer, shown schematically in figure 7 , consists of two independently processed wafers, which are bonded in the final step [20] . Similar to the spectrometer operating in the visible spectral range, a twowafer approach is taken. However, thermal detectors are used due to the fact that silicon cannot be used for photon detection in the IR spectral range.
The grating is composed of 30 or 60 slits with a grating constant ranging from 4 to 20 µm. The length of the strips is 400 µm. The width of a single IR detector on the bottom wafer is 100 µm. The number of detectors in one array ranges between 6 and 16, and depends on the detectable wavelength range, which is in turn determined by the grating constant. Figure 8 shows the top view of a fabricated device. The upper half shows the detector array. The thermocouple responses at a 6 µm grating constant for a number of monochromatic components are shown in S148 Figure 9 . Spectral response of the IR microspectrometer with grating constant at 6 µm when illuminated with a monochromator illuminator set at: λ = 3.5 µm, 4 µm, 4.5 µm and 5 µm. figure 9 . The response peaks at a larger detector number in the case of longer wavelength illumination. The halfpower spectral resolution is 0.3-0.5 µm. It is interesting to note that thermocouples have been used without IR-absorbing coating. Basically, silicon oxide and silicon nitride layers have been used for this purpose. This approach circumvents any fabrication compatibility infringement. Since the response changes only by a factor 4 over a spectral range between 1 µm and 8 µm, and spectrum is already dispersed, the correction for the wavelength-dependent absorption is determined by the detector position and can easily be implemented.
The spectral resolution in a grating-based spectrometer, when using the first-order diffraction spectrum, is in principle equal to the number of slits, N, in the grating: R = N [21] . However, this assumes Fraunhofer rather than Fresnel diffraction. This can easily be assured in a system with optical signal conditioning; however, in a lensless system, it can be shown that the maximum useful number of slits of pitch p, where p denotes the width of a grating element plus the space between two elements, is restricted by the wafer thickness, t w , according to: N 2 max = t w λ/p 2 . The pitch is limited by technological constraints and the diffraction angle that results from the maximum wavelength to be analysed. Using p = 4 µm and λ = 4 µm yields: N max = 12. The measured performance shown in figure 8 is in good agreement with this theoretical limit, however it also confirms a very limited performance. Optics for collimation and focusing is required for a sufficient spectral resolution for use in the majority of applications.
This overview is restricted to the state-of-the-art in freefield optics based microspectrometers. Hence, waveguidebased devices are not discussed here, despite their excellent performance in integrated optical chemosensors [22, 23] . Nevertheless, a hybrid system is included for comparison that combines waveguide technology and silicon micromachining, as shown in figure 10 [23] . The light to be analysed is introduced into the polymer waveguide through an optical fibre, is dispersed in a reflection grating that has been fabricated using deep reactive ion etching of the polymer and projected onto an array of fibres that guide the spectral components to an photodetector array. Device area is 18 × 6.4 mm 2 and the resolution obtained is R = 10 over a spectral range extending between 720 and 900 nm. It is interesting to note that this microspectrometer has so far been the only planar type that has become commercially available [24] . This approach has also been implemented using a silicon-oxi-nitride (SiON) layer as the waveguide. The properties of a waveguide enable the design of a self-focusing transmission grating. A FWHM of 9 nm has been reported at 450 nm; thus, R is about 50 [25] .
Interferometer type of microspectrometers
The technological difficulty of integrating the beam splitter in silicon has concentrated the attention on the Fabry-Perot and Fourier interferometers, which are both basically composed of two highly reflective and parallel mirrors spaced a welldefined distance d FP apart with the reflecting part facing each other. The space between the mirror surfaces is essentially a resonance cavity that contains standing waves of different modes (i.e. fitting an integer number of wavelengths). The operation is similar to the grating in the sense that a traversal leads to a phase difference ϕ = 2π2nd FP . Interference of these components results in a wavelength-dependent transmission described by the Airy transmission coefficient [26, 27, 28] . Resonance takes place at 2nd FP = mλ 0 , with m being an integer number. The spectral selectivity is expressed in terms of the finesse, F, of the resonator. In the case of two perfectly parallel mirrors, F = π √ r/(1 − r), where r denotes the amplitude reflection coefficient of the mirror.
The subtle difference between the Fabry-Perot and Fourier interferometer is that in the latter the detector is not covered by a mirror but is at a fixed position within the incident light path and measures the intensity a well-defined distance from a movable mirror (see figure 3) . Displacement of the mirror enables the scanning of the standing wave that results from the interference at the detector position. This technique is therefore also referred to as the standing wave scanning spectrometer. As is explained in this section, the respective practical limitations cause the two types to be similar.
The simplest realization of the Fabry-Perot-based microspectrometer uses bulk micromachining on two wafers with subsequent wafer-to-wafer bonding [29] [30] [31] [32] [33] [34] [35] . Figure 11 shows the basic device structure. Applying a voltage makes it possible to tune the resonance cavity width to the desired S149 Figure 11 . Microfabricated Fabry-Perot-based microspectrometer in silicon [29] . Figure 12 . Photograph of the two-wafer bulk micromachined Fabry-Perot interferometer. A frame is used to keep the membrane flat [33] .
wavelength. In an improved version, a silicon frame is used to ensure a flat membrane at the mirror area. The deformation of the membrane due to electrostatic force acting on it is in the membrane area outside the frame [33] . This technique prevents a reduced optical performance that results from the curvature of a simple suspended membrane with a mirror surface, at the expense of a higher voltage required for yielding a certain deflection at the same membrane area. Beam suspension [32] and corrugations [35] are also used for this purpose. A fabricated microspectrometer is shown in figure 12 .
The main design challenges of this type of Fabry-Perot interferometer are:
• the high voltage required to tune the movable mirror over a sufficiently large spectral range, • the fabrication of mirror surfaces of sufficient reflectivity and flatness and • achieving parallelism between the two mirrors.
An alternative approach that circumvents these problems uses 16 Fabry-Perot resonators of different fixed cavity spacings. Oxide layers are used to space the mirrors, thus ensuring parallel mirrors. Four subsequent masked oxide etch steps are applied to fabricate cavities of 16 different thicknesses. The 16 channels are designed to cover the entire visible spectral range. The fabrication of these Fabry-Perot resonators is compatible with a standard CMOS process, thus enabling the on-chip integration of circuits for selection and readout of the array photodiodes covered by the different resonators. The resulting device is shown in figure 13 [36] .
An additional channel is used for the compensation of dark current and the scattering, which is due to roughness of Figure 13 . CMOS multichannel microspectrometer with 16 Fabry-Perot resonance elements on top of a chip containing a photodiode array and circuits for readout and interfacing a serial bus [36] . the mirror material [37] . A disadvantage of this approach is that it is very wasteful with impinging optical power. The light is projected, and thus distributed over the array before dispersion; thus, each etalon receives only the part of the power proportional to the number of elements. The resolution is intrinsically limited to R = 16; however, measurement results reported indicate that it is even further reduced to R = 8-10 [37] . The limited performance is due to the fact that Fabry-Perot resonators in a microspectrometer are usually operated in the first-order mode (m = 1) with the halfpower bandwidth (FWHM = λ) equal to the finesse F int = π √ r/(1 − r). The finesse is limited by the reflectivity of the material used for fabrication of the mirror. When using thin-film metals for IC compatibility, a designer is limited by the film thickness, which is constrained by reflectivity and absorption. High resolution requires high reflectance of the mirrors and high throughput implies low absorption [38] . In aluminium, reflection increases from 10% to 85%, while transmission decreases from 90% to 5% when increasing film thickness from 5 nm to 10 nm [39] . These data indicate that absorption increases rapidly with metal layer thickness, thus reducing throughput at resonance and consequently leading to a poor signal-to-noise ratio. Throughput in practical devices typically peaks at resonance to 10%. High reflectivity and low absorption can be combined in a multiple-layer dielectric mirrors [40] ; however, the fabrication of such a stack of alternating materials is marginally compatible with silicon microelectronic processes.
The spectral resolution is further limited by the parallelism of the two mirrors. Changes in the cavity width within one device obviously yields a range of resonance frequencies and, thus, of a widening of the overall resonance. This effect can be analytically expressed in the effective finesse: 1 F property r, and F D denotes the defect finesse depending on system defects such as limited parallelism [34, 35] . Multiple location servo control of cavity spacing based on capacitive displacement sensing and electrostatic actuation has been applied to optimize parallelism [41] ; however, F eff in micromachined silicon devices is typically limited to
Another issue is the free spectral range (FSR), which is in principle limited to avoid overlap between the shortest wavelength in the first-order mode and the longest wavelength is the subsequent second-order mode: FSR = λ 2 /2d FP . However, practical cavity width modulation using electrostatic actuation limits d FP /d FP to about 30% because of the pull-in of the microstructure.
Finally, the fabrication of IC compatible wideband microinterferometers is also complicated by the fact that thinfilm metals exhibit a wavelength dependence of the reflectivity. For UV operation, Al is to be used, whereas Au is the material of choice for mirrors operating in the IR spectral range [38, 39] .
The advantage of the Fourier-based interferometer, as compared to the Fabry-Perot based device, is that the reflecting mirror can be optimized for reflectivity and the film thickness is not critical. The disadvantage is the absorption in the detector. This absorption should, on the one hand, be minimum to achieve full constructive and destructive interferences. On the other hand, absorption is needed to yield a detector signal. A compromise is inevitable. Consequently, the practical detector is a (poor) absorber and reflector, which is comparable to the practical Fabry-Perot device discussed. A resolution R = 100 at 633 nm was reported [10] . The detector is generally based on amorphous silicon on a glass substrate [42, 43] .
Conclusions
MEMS-based microspectrometers in silicon have been reported in the literature. Both grating-based and optical resonance cavity based devices have been investigated. The primary performance parameter, the spectral resolution, has been limited to R = 10-20. Grating-based devices are typically without a lens or deformed mirror to focus the dispersed spectrum onto a detector array, which yields a simple system, but also imposes fundamental constraints that lead to this relatively poor optical performance. The spectral resolution of Fabry-Perot-based microspectrometers operated in the first-order mode is limited to a similar value. The enhanced mode of operation that is theoretically available when using a higher-order mode is difficult to realize in a practical microspectrometer due to imperfect parallelism, and absorption and reflection of the materials applied for fabrication of the mirrors that form the optical resonator.
The essential conclusions to be drawn from this outline are that the dimensional downscaling that benefits mainstream microelectronics is not an undisputed advantage in lensless MEMS-based microspectrometers. As a consequence, future work should be directed towards the integration of optical signal conditioning in an IC-compatible fashion. One possible concept for a higher-performance silicon process compatible microspectrometer is shown in figure 14 . Deformable mirrors can be used for collimating and focusing [44] . Other essential optical components, such as tuneable entrance slits, have been reported in the literature [45] . Spacers may be included between the wafers for implementation of a very different compromise between technology and performance. Many applications can be served in the case of a spectral resolution exceeding R = 1000 while maintaining the dimensional advantages. LIGA remains a highly competitive assembly technology in demanding applications in case IC-compatibility constraints prove too restrictive [46] .
Finally, it should be noted that signal-processing techniques are available to improve the characteristics [47] . Integrated microspectrometers offer the opportunity to integrate spectrometer, readout and signal processing in a genuine micro-device.
